Four systems developed at the Los Alamos Scientific Laboratory for nondestructive analysis of nuclear fuel materials will be described. These systems utilize either minicomputers or a programmable calculator for measurement control and data analysis, and are typical of a variety of automated measurement systems developed for nuclear materials safeguards applications.
Introduction
The problem of safeguarding fissionable materials is becoming ever more critical as a result of the expanding nuclear power industry. It is becoming increasingly clear that physical nondestructive methods of detection and quantitative assay of fissionable materials will provide the best technical basis for an effective system of total material accountability.
Such assay methods can be divided into two broad categories: (1) passive assay, and (2) active interrogation. Passive assay methods involve the observation of naturally occurring neutron and gamma radiations produced by fissionable materials. Active interrogation involves the use of an external source of neutrons or photons to induce fissions in the material under investigation. In this case, quantitative assay is based on observations of the neutron and gamma radiations resulting from the fission process.
Over the past several years, a variety of nondestructive assay methods have been developed that are rapid, accurate, and capable of being carried out under a wide range of laboratory and field conditions. In order to be acceptable for use in materials processing plants, these methods must also be highly automated. Such automation is required in order to reduce the burden on operating personnel, as well as to re- duce the possibility of operator error.
Several automated systems have been developed at the Los Alamos Scientific Laboratory to perform analysis on a wide variety of nuclear fuel materials. These systems utilize programmable calculators or minicomputers for measurement control and data analysis. This paper briefly describes four of these systems: (1) a passive gamma-ray scanning system for low-density scrap and waste, (2) an active neutron interrogation system for bulk samples of fuel feed material, (3) an active neutron system for assaying irradiated test reactor fuel material, and (4) a multienergy active neutron assay system being developed for high-precision assay of small samples. The passive gamma-ray assay system is a fully automated version of the "segmented gamma scan" instrumentl,2 developed for the routine analysis of lowdensity scrap and waste containing 235U or 239Pu. A NOVA 1200 minicomputer3 is used to collect pulse-height spectra from a Ge(Li) spectrometer via a stabilized analog-to-digital converter, control a stepping-motordriven scanning table, drive a CRT data display, and analyze selected regions of the pulse-height spectra to determine the amount of 235U or 239Pu present in the sample.
There are several serious problems associated with any quantitative assay by means of gamma detection; viz., gamma rays are attenuated by material between the nucleus and the detector, the detection system must be able to identify correctly only those gammas from the isotope under measurement, the detector and electronics may respond differently to different data rates, and the assay may take a prohibitively long time if system detection efficiency is not large enough. The attenuation problem is by far the most serious of the above, since gamma attenuation varies with transition energy as well as the density of the material through which the gamma ray passes. Matrix inhomogeneities make this attenuation a very serious matter, since in this case the attenuation factor relating detected count to fissile content is varying in some unknown manner with sample configuration.
In order to correct for matrix attenuation in the segmented gamma scan system, a separate transmission measurement is made, which provides a correction factor to compensate for gamma matrix attenuation. Since the sample being measured may be quite inhomogeneous, there is a large class of samples for which a single transmission measurement is not sufficiently accurate, and for this case we have segmented the assay in such a way that the sample is assayed in 1-cm slices, a separate transmission measurement being made for each one. The sample is also rotated to average out radial inhomogeneities.
The attenuation measurement is made by utilizing a separate transmission source which is viewed through the sample being assayed and compared with a known transmission value obtained from a background run taken with no sample present in the system. In addition to the transmission correction, a pile-up and live-time correction is made by counting a separate peak from a small source placed close to the detector crystal and viewed at all times by the detector. The resulting gamma-ray spectrum (fissile material gamma rays plus gamma rays from attenuation and live-time correction sources) is sufficiently complex to require a Ge(Li) detector to properly resolve the gamma rays of interest.
The present system finds its widest application in the areas of scrap and waste measurements. It is, for example, ideally suited for measurement of ash cans containing ten to several-hundred grams of plutonium from waste, which may be in different density layers in the can. As a general rule, any sample in which self-absorption is not a problem, and for which a transmission measurement is possible, can be accurately assayed by this instrument. The segmented gamma scan is suitable for assay of 238Pu, 239Pu, or even 235U, but the plutonium assays provide a simpler case than uranium, since the former require only a single transmission peak due to their higher gamma energies. The uranium requires measurement of the 185-keV gamma line, where the attenuation coefficients are varying rapidly with energy. In this case, it is necessary to bracket the uranium line with two transmission lines, and the analysis is slightly more difficult, though the computer makes the additional complexity transparent to the user. Figure 1 shows the complete segmented gamma scan with all component parts except for a collimator normally located in front of the Ge(Li) detector. We have adopted the philosophy that it is basically simpler for an operator to press an appropriately labelled pushbutton rather than having to type instructions on a teletype keyboard, and accordingly the panel shown above the computer provides pushbutton control of all instrument functions. Not only can the various types of data runs be initiated by pushbutton control, but also assay windows can be entered. An interactive display is also wholly controlled from the same panel. The large display shown in Fig. 1 is a memory oscilloscope which displays in 15-by-20-cm format the various spectra, either the entire 2K spectrum or any 256-, From such a printout, the operator can build up an actual fissile content profile of material in the sample. In this case, it is clear that the material stops at about segment 11, so that in this 18-cm can material appears only in the bottom 14 cm. The transmission peak also affords some interesting information. Note that this value varies considerably from segment to segment, so that an average transmission, if it had been used for the entire assay, would have yielded 216 grams for the assay instead of 277. This illustrates the importance of a segmented transmisgion and fissile measurement for samples which are vertically inhomogeneous. By this method of correcting the measurement for attenuation losses, it is quite reasonable to assay materials for which the transmission may drop as low as 2-5%. Note also that using the printout, the operator has the choice of which segments to use in the final calculation. This feature is useful for nonroutine samples where the fissile material may be concentrated in one part of the matrix. Eliminating those segments from the assay which do not include fissile material has the effect of improving the statistical accuracy of the overall measurement, since "empty" segments are not contributing their scattered counts to degrade the statistics. The estimated standard deviation printed out by the computer is based on a segment-by-segment calculation of statistical error, assuming Poisson statistics on the peaks and including all sources of such error. Note that in the example illustrated in Fig. 2 , simply taking the square root of the corrected counts as an estimate of the error would yield 1.79 grams as the estimated error--a value low by more than a factor of two. Printing out the estimated standard deviation effectively assures that the operator is left without excuse for accepting statistically invalid answers.
Bulk Sample Neutron Interrogation System
The bulk sample neutron interrogation system to be described here was developed as part of a joint program between General Atomic Co. and the USAEC for nondestructive assay of HTGR in-process fuel particles containing 235U and 232Th. This assay system uses a modified "Random Driver" assay unit,4 based upon a unit originally developed for the assay of highly enriched uranium.5'6 A Random Driver is an active neutron interrogation system which employs an 241AmLi (a,n)-reaction neutron source to induce fissions in the fissile material within a sample; hence, it "drives" the sample. Since the neutrons emanating from the AmLi source (E 0.65 MeV) have energies below the fission thresholds of 232Th and 238u, the technique is insensitive to the 232Th and 238U content in a sample. However, the source energy is high enough to achieve the penetrability required for assaying samples of high fissile mass, i.e., the problem of sample selfshielding is minimized. The "randomness" of the driver pertains to the nature of the source; i.e., alpha-decay in 241Am is purely random in time; and since one and only one neutron is emitted per (a,n) reaction with Li, the neutrons produced are also random and therefore not correlated with one another. This characteristic enables a pair of fast neutron scintillation detectors to distinguish noncorrelated source neutrons from fission-produced neutrons (which have high probabilities of being emitted in pairs and triplets) by demanding that two events be detected within a short coincidence interval, typically 30 ns.
Although radioactive sources other than AmLi exist which produce a single neutron per decay, and these include (y,n) as well as (c,n) sources, AmLi is the only high yield source for which the energies of the gamma rays accompanying the decay and neutronproducing reaction are small (4 160 keV). This is important since fast neutron detectors, even when shielded with several centimeters of lead, are nevertheless still slightly sensitive to very energetic gamma rays and, therefore, have a finite probability of recognizing source neutrons and coincident source gamma rays as coincident events. The latter leads to an undesirable, real-coincidence background which, in turn, decreases the measurement precision and decreases the sensitivity of the instrument.
A cutaway drawing of the new Random Driver unit is shown in Fig. 3 . Four stationary AmLi sources, each producing approximately 5.5 x 105 n/s, are mounted in cylindrical tungsten gamma shields and arranged in a nickel-reflected irradiation cavity to achieve a spatially "flat" fast neutron flux distribution. The steel-backed nickel reflector provides very good source-to-sample coupling and increases the effective source strength by a factor of two over a 100%-steel-reflected cavity. A vertical, center-tocenter source spacing of 235 mm was found to be optimum for the typical range of sample fill heights (75 to 200 mm).
In order to adapt the Random Driver for use with HTGR fuel particles, it was necessary to find a method by which the sample's induced response could be corrected for perturbations on neutron flux due to the presence of light-element matrix and container materials. It was found that the change in response (net coincidence count rate) for a given sample due to a change in either the container material or external bagging could be corrected by using four 12.7-mm diameter by 178-mm long 3He proportional counters located in the corners of the sample chamber to monitor the neutron flux.
A view of the complete Random Driver assay system is shown in Fig. 4 . Pulses from the coincidence logic and flux monitors are counted by a series of scalers which are read by a PDP-11/05 minicomputer. 7 The computer is programmed in a high-level interactive language, FOCAL,8 in order to allow easy modification of data analysis algorithms during system development and simple software maintenance. Included in the software package are routines for complete data reduction, including statistical analysis and least-squares fitting for the determination of calibration parameters. In normal operation, the operator types the sample identification, tag mass, and the desired assay time on the teleprinter keyboard to start the assay. At the conclusion of the assay, the computer calculates the assay mass and statistical uncertainty. This system is presently undergoing field evaluation at General Atomic Co.'s Sorrento Valley plant.
Irradiated Fuel Assay System
With the termination of the Nuclear Rocket Propulsion (Rover) Program and associated reactor testing at the Nuclear Rocket Development Station (NRDS) in Nevada, plans are underway to recover the enriched uranium contained in irradiated fuel from various test reactors. This fuel is being packaged into 7-cm diameter by 137-cm long cardboard tubes. Between 3000 and 4000 tubes will be needed to package the present fuel inventory.
Some twenty different reactors have been operated at NRDS during the 13-year history of the Rover program. Fissile material accountability records are kept for each reactor. For the final inventory program, the fuel from each reactor will be assayed nondestructively at NRDS for 235U content before shipment to a recovery facility. For this purpose, a photoneutron assay system using a 226Ra-Be neutron source has been fabricated and is presently in use at NRDS. Figure 5 is a schematic diagram of the Ra-Be assay system for the Rover fuel tubes. The twelve 4He detectors located on the sides of the unit are used to count fast neutrons from 235U fissions induced by the Ra-Be neutron interrogation. The 4He detectors are relatively insensitive to the low-energy (< 600 keV) interrogating neutrons and the intense gamma-ray dose from both the radium source and the irradiated fuel. The nickel is used to reflect neutrons in the keV energy region back into the sample channel. scaler readout, data analyses, and hard-copy printing functions. The assay procedure is as follows: The operator loads a tube on the scanner with remote manipulators, enters identification information into the calculator, and pushes the start button. The tube is pushed into the assay device by the scanner. At a position determined by thumbwheel switches on the operator's control panel, the scanner starts the data collection program by issuing a GOTO(0,0) command to the calculator. The scalers are cleared and begin counting. At a second location, also determined by thumbwheels, the scalers are stopped and read by the calculator, and the uranium mass is computed. The raw scaler data, sample identification, and computed uranium mass with its associated uncertainty are printed out on an electric typewriter in a format compatible with the NRDS special nuclear materials accounting system. This system is currently in use in Nevada with a good performance record to date.
Multienerey Neutron Assay System
A Multienergy Californium Assay System (MECAS) is presently being developed to measure the fissile and fertile contents of small samples using fast neutron interrogation techniques. This system uses 252Cf as a source of fast neutrons located inside an energy tailoring assembly.10 The core of the energy tailoring assembly can be rotated to produce various neutron interrogation spectra at the sample position. Samples to be assayed are moved from an irradiation position within the tailoring assembly into a NaI(Tl) detector where fission-produced gamma rays are detected.
A schematic diagram of the MECAS neutron moderator, sample translator, and NaI(Tl) detector is shown in Fig. 7 . The rotating core contains the 252Cf source (50 to 200 pg) surrounded by tungsten, nickel, and beryllium to tailor the fast-neutron spectrum to the desired energy in the sample channel. A stepping motor is used to set accurately the angle of rotation, thereby determining the average interrogation energy in the sample channel. This mean flux energy the Multienergy Californium (epi-cadmium) can be continuously varied from 0.4 MeV to 500 eV depending on the rotation angle selected.
The assay sample is translated from the irradiation to the counting region in a cyclic manner using a helix-wound cable powered by a separate stepping motor. The sample is rotated about its longitudinal axis during the interrogation to give a more uniform neutron irradiation.
The delayed gamma rays from the induced fission reactions in the sample are counted using a 12.7-by 12.7-cm NaI(Tl) detector with a 2.5-cm through-hole for the sample. The detector will be used for both active and passive assay modes. For example, a mixed oxide sample (PuO2 + U02) would receive a background (passive) measurement before irradiation to obtain information on 239Pu and 241Pu, and possibly the 238U, content. The subsequent cyclic interrogation with two different neutron spectra would be used to determine the 235U and 238U content.
A NOVA 1200 minicomputer3 is used to automate the sample translation cycle, as well as data collection, reduction, and readout. Since this system will be used to investigate the applicability of MECAS to a wide variety of sample types, strong design emphasis has been placed on maximum versatility of operation.
As a consequence, the hardware has been designed so that a wide latitude of experimental conditions can be accommodated.
The vertical traverse of the sample, as well as the rotational motion of the californium source, can be controlled manually for testing and setup, or can be placed completely under computer control for handsoff operation after initial calibration. Indicator lights inform the operator of system status at each stage of the operation. Although a teletype is used for hard-copy output of results, a general pushbutton panel permits operator communication directly with the system, thereby eliminating the need for learning special teletype messages to control system functions.
This reduces routine assay with MECAS to a simple, straightforward pushbutton operation well suited to in-plant use by nontechnical personnel.
Special scalers have been designed and built directly into the interface unit, thus eliminating the need for any special scaler interfacing; scaler functions can be controlled manually or by the computer, and upon operator demand, data are read by the computer and printed on the teletype.
Complete assay flexibility is provided by four sets of thumbwheel switches, which allow independent setting of the irradiation time, count time, vertical travel limits, and rotation of the source. 
